The properties of one-dimensional quadratic walking solitons were investigated in planar lithium niobate waveguides near the type I phase-matching condition for second-harmonic generation. Wave propagation was studied under different conditions of phase matching, walk-off angle, and incident fundamental power. © 1999 Optical Society of America OCIS codes: 190.4390, 190.4160, 130.3730. Quadratic solitons were observed a few years ago during second-harmonic generation in both bulk crystals (two-dimensional) and planar waveguides (one-dimensional).
Quadratic solitons were observed a few years ago during second-harmonic generation in both bulk crystals (two-dimensional) and planar waveguides (one-dimensional). 1, 2 They consist of strongly coupled fundamental (FUND) and second-harmonic (SH) fields that propagate locked together in space without diffraction. For propagation that is not parallel to the principal axis of birefringent crystals, the propagation direction of the evolving soliton from a given input field depends on the input power and the wave-vector mismatch. This property was used in subsequent research to demonstrate all-optical switching and beam scanning with two-dimensional solitons. 3 The principal physical concepts involved in this nonlinear beam steering were investigated later theoretically for one-dimensional solitons. 4, 5 There the term ''walking soliton'' was introduced because these solitons walked away from the input direction of the incident FUND. 4 In this Letter we report investigations of the properties of one-dimensional quadratic walking solitons in type I SHG under conditions in which we tuned the soliton walk-off from zero to a finite value by varying the propagation angle from the crystal axis, the incident power, and the wave-vector mismatch.
The walking soliton fields are described by the eigenfunctions of a nonlinear eigenvalue problem that evolves from the coupled-mode equations for the spatial spectral components of the interacting beams 2, 6 when the derivatives in the propagation direction are fixed. The intensity of the FUND and the SH of a walking soliton calculated from a typical eigenfunction for offaxis propagation are shown in Fig. 1 . The phase tilt of the FUND across the transverse direction of the beam depends strongly on the power ratio between the SH and FUND and the wave-vector mismatch. This soliton would propagate exactly in the propagation direction tilted from the principal axis by a for which the eigenvalue problem was solved. However, because a launching beam usually has no phase tilt across its transverse dimension such an input would launch not the calculated eigensolution but a slightly different one propagating in a slightly different direction, so the input beam's phase front would fit the phase front of the eigenfunction that propagates in the new direction. This direction depends on the transverse phase tilt of the eigenfunction, which in turn is power and wave-vector dependent. Therefore we have a kind of nonlinear refractive effect in the launching of a walking soliton that induces the walking. This behavior is illustrated in Fig. 2 with a simulation of the evolution of a walking soliton from an input field that propagates at low power along y 0, which corresponds to a direction tilted a 23.25
± away from the principal crystal axis. In the soliton formation process near the input, the SH part of the soliton is generated and stays as the bound SH in the soliton. Generated also is a free SH, which diffracts and radiates with its walk-off angle. The walking soliton direction is always found in the region between the FUND beam direction for low power and the walk-off direction of the free SH. With increasing bound SH in the soliton the soliton direction shifts toward the walk-off direction of the radiated SH.
The experiments were performed in an x-propagating L 47-mm-long LiNbO 3 crystal into which a slab waveguide was fabricated by Ti indiffusion along the crystallographic y axis. For the type I SH generation geometry used, the dominant electric field of the FUND TM 0 mode was y polarized and the SH TE 1 mode was polarized along the z axis. The laser used was a Nd : YAG operating in Q-switched and mode-locked mode at l 1.32 mm with 90-ps pulses. As in our previous experiments on soliton generation in this sample, only the FUND beam with a full width at half-maximum of 70 mm was input, and the SH required for quadratic soliton generation was generated on propagation into the waveguide. Temperaturetuned phase matching at this wavelength required operation at temperatures near 335 ± C, and hence an oven was used to house the crystal. As was discussed in detail before, 2, 6 this process leads to a nonuniform temperature (and therefore to a wave-vector mismatch) distribution along the crystal, with advantageous consequences for the formation of solitons with only FUND input. 7 We performed the experiments by rotating the LiNbO 3 waveguide about the y axis to facilitate propagation off the principal x axis. Because the total width of the waveguide was only 5 mm, the maximum off-axis angle that could conveniently be launched was 4 ± . The FUND and the SH beams at the output were observed with a vidicon camera. The theoretical data for comparison with experiment were calculated with all the experimental details taken into account. Figure 3 shows the FUND depletion curves for several off-axis propagation angles a. Because of the negative birefringence of LiNbO 3 the phase-matching temperature decreases with increasing off-axis propagation. At the largest phase-matching temperature the adjustment with a 0 ± was found where the FUND and the SH propagated exactly along the x axis. As the crystal was turned, the low-power FUND propagated inside the crystal in a direction tilted by a fi 0 from the x axis. The centers of the diffracted output beams of both the observed FUND (180 mm wide) and the SH separated increasingly with increasing a because of the walk-off of the SH.
We easily generated quadratic solitons in the temperature region below phase matching by increasing the input FUND peak power to larger than P F ഠ 1500 W, with the correct value depending on beam width and temperature. When the soliton had formed, both the FUND and the SH of the soliton merged at the output face, shifted to an intermediate point between the low-power outputs of the SH and FUND beams. Representative results of measurements of the output beams for a 23.25
± at a temperature of q 332.8 ± C are shown in Fig. 4 . The   Fig. 3 . Temperature-tuned FUND depletion curves for three off-axis launching angles. The FUND input peak power of P F 375 W is below the power for soliton generation in the low-depletion regime. soliton width, the power ratio between the SH and the FUND component P SH ͞P F , and the transverse phase distribution of the soliton fields vary with FUND input power. We cannot observe a signif icant narrowing of the output beams below 70 mm for increasing power because narrower solitons than 70 mm already diffract in the colder oven end zone where the cascaded nonlinearity is no longer suff icient to counteract diffraction. However, in the 35-mm-long oven center (with a more nearly uniform wave-vector mismatch) the soliton with the higher power has a larger ratio P SH ͞P F , yielding a larger transverse phase tilt of the FUND. The resultant shift of the soliton position toward the walked-off SH position with increasing power is clearly observable in Figs. 4(a) and 4(b) . In Fig. 4(c) the SH and the FUND at the output are compared. The narrow bound SH soliton part is distinguishable from the diffracted and walked-off free SH, which was generated in the soliton formation process near the input. The measured beam prof iles and positions fit the simulation results very well. For this large a wave-vector mismatch of DbL 10p at q 332.8 ± C the SH part of the soliton carried less than 20% of the total power for all our input powers, and the depletion of the FUND is not significant. Figure 5 illustrates the shift in the soliton location when the temperature and therefore the wave-vector mismatch are varied from 125p to 21.7p with the FUND input power kept constant. The closer the temperature approaches the phase-matching temperature, the larger is the SH component of the soliton and the more the propagation direction of the walking soliton shifts toward the walked-off SH. In Fig. 5 the depletion of the FUND for temperatures q . 333.3 ± C ͑DbL , 3p͒ is shown to be signif icant, and within our short sample the soliton formation process with the consequent generation of the SH part from the FUND input has not reached steady state so the beams still oscillate and are not yet stationary solitons. 6 The measurements were done for several angles a. The positive shift in the beam location for a 2.8 ± for various power and wave-vector mismatch values (i.e., different temperatures) is summarized in Fig. 6 . The measured values agree well with the simulation results, which are plotted as solid curves.
In summary, the mutual locking between the FUND and the SH to form a quadratic soliton produces a nonlinear translation of the output position of the solitary wave when the FUND input angle is detuned from propagation along a principal crystal axis under a variety of phase-mismatch and power conditions. It was verif ied that walking solitons are generated in a number of different circumstances.
